Introduction
Evidence for the value of myocardial perfusion imaging with singlephoton emission tomography (SPECT) in evaluating the function and viability of the myocardium and the prognosis of ischaemic heart disease is extensive.
1,2 SPECT thus plays an important role in the diagnosis and management of coronary artery disease (CAD) in international guidelines, being particularly suitable in the diagnosis of stable CAD as it can reveal defective myocardial perfusion before exercise electrocardiogram (ECG) abnormalities are visible. A normal perfusion scan does not rule out CAD but it makes an occlusion of clinical significance improbable. Renal dysfunction is a major risk factor for CAD, with cardiovascular (CV) deaths constituting a major part of the mortality in patients receiving a kidney transplant. 3, 4 Therefore, the assessment of CV risk before kidney transplantation is important. Previous findings, mostly based on a small number of patients, concerning the role of SPECT in evaluating the CV risk of these patients are controversial. Some studies have found SPECT inadequate for the diagnosis of CAD [5] [6] [7] while others have deemed it valuable in predicting the risk of CV morbidity in patients with severe chronic kidney disease (CKD). [8] [9] [10] Furthermore, very little is known about the possible association between the severity of SPECT-identified ischaemia and mortality in this patient group. The objective of this study was to determine the prognostic value of SPECT in the pre-transplant cardiac evaluation of kidney transplant candidates. Particularly, we investigated how the severity of SPECT finding is linked to all-cause-and CV mortality in these patients. In addition, our secondary objective was to examine whether coronary revascularization affected survival in this patient population.
Methods

Data collection
During the study period (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , 564 patients with end-stage renal disease were screened with SPECT as a part of a routine pre-transplant cardiac evaluation in Helsinki University Central Hospital. If a patient underwent SPECT more than once, only the most recent SPECT preceding the transplantation was chosen. Sixteen patients were excluded because their perfusion scans were technically insufficient or the finding remained ambiguous. In total, 548 patients constituted the study population. The clinical data were collected from the prospective SPECT registry and from the Finnish Registry for Kidney Diseases, which has an estimated coverage of 97-99% of all patients in renal replacement therapy in Finland. All patients gave their written consent when entering the registry. The study was performed in accordance with the Declaration of Helsinki. We received the appropriate approval needed for the registry study as well as the overall approval from our institution to perform the study.
Guidelines for cardiac screening of kidney transplant candidates
European renal best practice transplantation guidelines recommend different screening methods for kidney transplant candidates according to their CV risk profile. 11 The known CV risk factors are age (>50 years), diabetes, previous CV disease or familial history of CV disease. Non-invasive stress imaging, such as SPECT, is recommended for high-risk patients or those with a positive or inconclusive stress tolerance test. Coronary angiography is only recommended for patients with ischaemic results from non-invasive cardiac investigations. 11 The local Helsinki University Central Hospital guidelines, which remained unchanged during the enrolment period for the present analysis, emphasize the role of SPECT in the detection of CAD in patients evaluated for kidney transplantation. If the patient has no risk factors and the ECG, thorax X-ray and echocardiography results are normal, no further cardiac investigations are recommended. Coronary angiography prior to SPECT is performed only on patients with angina pectoris symptoms or previous cardiac events. Therefore, most kidney transplant candidates first undergo an evaluation with SPECT.
Follow-up and endpoints
Patients were followed until death or the end of the follow-up period on 15 September 2013. The primary endpoint in this study was death with CV mortality as the secondary endpoint.
Imaging and stress protocol
The stress protocol was performed as a symptom-limited exercise stress test for 59% of the kidney patients. The isotope used for SPECT imaging was thallium in 73% and technetium in 27% of the cases. Patients unable to exercise according to the standard protocol underwent a pharmacologic stress test: adenosine in 17%, dipyridamole in 8% and dobutamine in 7% of the cases. Nine per cent of the patients had a stress test combining exercise and a pharmacological agent. The isotope was administered 1 min before the end of the infusion in the dobutamine protocol, or at the end of the third minute of the infusion in the adenosine and dipyridamole protocols. The isotope was injected 1 min before the end of exercise. The SPECT scans were operated with a Toshiba dual-head gamma camera from 2004 to 2010, after which Siemens C-Clear dual-head gamma camera was employed. A gated scan was performed for 96%, and a non-gated scan for 4% of the patients. Attenuation correction was performed in 12% of the cases.
Imaging interpretation
The clinical analysis of the SPECT images was performed by an experienced cardiologist. All the abnormal images were further examined by two experienced cardiologists. Images technically inapplicable to quantitative analysis were excluded. For quantitative analysis, the perfusion defect was considered significant if the reduction in regional thallium (or technetium) uptake was >40% in the inferior segment or >30% in any of the other segments. 12 The percentage of ischaemic myocardium was obtained by calculating the area of the perfusion defect in the reversibility image by using the ImageJ software (National Institutes of Health, Bethesda, MD, USA). We decided to use the 10%-threshold to separate mild and severe ischaemia because previous studies have suggested that revascularization enhances the survival only in patients with >10% area of ischaemic myocardium in SPECT. 13 Since mild defects predicted mortality similarly to severe SPECT findings, we did a subanalysis where we divided the mildly abnormal SPECT findings to minimal (1-4.9%) and moderate (5.0-9.9%). The relative difference between stress and rest images was analysed from the bull's eye display. Fixed perfusion defects were also documented.
Statistical analysis
Continuous data were expressed as median with interquartile range (IQR) and categorical data as percentages. The Mann-Whitney U and v 2 tests were used to assess between-group differences in the distributions of continuous and categorical variables, respectively. A Cox regression model was used to evaluate the capacity of the levels of ischaemia in SPECT to predict mortality. Fixed perfusion defects were included in additional models without ischaemic SPECT findings; these were not in the same model due to collinearity. Other covariates included in the analyses were age, sex, the type, and duration of dialysis before SPECT, smoking, angina pectoris, and diabetes. As future kidney transplantation and coronary revascularization based on the ischaemic SPECT findings were potentially major modifiers of the risk, they were included as dummy covariates in additional models. The proportionality assumption was checked for the main analyses based on correlations of survival rankings with Schoenfeld residuals; the covariates fulfilled this criterion. Regarding CV mortality, a competing risk analysis with proportional subdistribution hazards regression was performed. The ability of the SPECT finding to reclassify patients into new risk categories were assessed with continuous net reclassification improvement (NRI) and integrated discrimination improvement (IDI). Statistical analyses were performed with SPSS release 22.0 for Windows (SPSS Inc., Chicago, IL, USA) and R (version 3.1.1, R Foundation for Statistical Computing, Vienna, Austria; packages cmprsk and PredictABEL). All statistical tests used an alpha level of 0.05.
Results
Baseline characteristics
The prevalence of risk factors for CAD was high in the study population ( 
22.4-68.4 months)
, 112 patients (20.4%) died, 49 of whom of CV causes (8.9%). The surviving patient group more rarely had kidney disease due to diabetes, or anginal symptoms, a previous myocardial infarction or coronary artery bypass grafting (CABG), congestive heart failure, and peripheral arterial disease than those who died ( Table 1) . The survivors were also less often present smokers or in haemodialysis, and their duration of dialysis before SPECT was shorter. As expected, the surviving population received a kidney transplant more often than the ones who died. Revascularization, either by percutaneous coronary intervention (PCI) or CABG, was performed infrequently in the whole study population. Patients with severely abnormal SPECT finding underwent revascularization clearly more often than the other patients ( Table 2) . As many as 254 patients (46.4%) proceeded to kidney transplantation. Patients with a normal SPECT scan were more likely to receive a kidney transplant than others.
Survival analysis
Even a mildly (1%-9.9%) abnormal SPECT scan was a clear predictor of both classes of mortality ( Table 3 and Figure 1 ). Other significant covariates linked with a poorer prognosis were age, smoking, and, particularly, diabetes as the cause of kidney disease. Interestingly, sex was not a determinant in the mortality risk.
In a subanalysis where the mildly abnormal SPECT findings were divided into minimal (1%-4.9%) and moderate (5.0%-9.9%) findings, a moderately abnormal SPECT scan was a numerically stronger predictor of all-cause and CV mortality [hazard ratio (HR) 3.02, 95% As the future interventions PCI, CABG, and kidney transplantation are expected modifiers of mortality risk, we constructed regression models with those as additional covariates. Nevertheless, the SPECT finding retained an essentially unchanged prognostic capacity. Reception of the transplant was the strongest predictor of a favourable prognosis. Subsequent PCI was linked with higher mortality (HR 3.28, 95% CI 1.72-6.26, P < 0.001) but not CV death (HR 2.35, 95% CI 0.82-6.75, P = 0.113), while CABG had a neutral effect for both all-cause and CV mortality (HR 1.05, 95% CI 0.31-3.54, P = 0.933 and HR 0.57, 95% CI 0.07-4.45, P = 0.591, respectively).
Adding the SPECT finding (no/mild/severe) to the all-cause mortality model with all the other covariates already present offered an 
Discussion Ischaemic findings and prognosis
The SPECT finding is a robust indicator of prognosis among candidates for kidney transplantation. The result is in line with some of the previous studies. A recent systematic review suggested that SPECT and dobutamine stress echocardiography were at least as good as coronary angiography in predicting CV mortality in kidney transplant candidates (10 studies, 1902 patients) or major adverse CV events (19 studies, 2689 patients). Regarding all-cause mortality (11 studies, 1564 patients), however, coronary angiography seemed more prognostic than SPECT (relative risk ratio 0.69, P = 0.03). 14 A decade-old meta-analysis, partly based on the same studies as the review by Wang et al., assessed the prognostic value of SPECT (8 studies including 555 patients) and stress echocardiography in evaluating the risk of CV events in kidney transplant candidates. Abnormal results in these perfusion studies significantly increased the relative risk of myocardial infarction or cardiac death. 8 These reviews, however, did not factor in whether the mortality was determined by the severity of ischaemia in SPECT. While most of the relevant studies are clearly small in terms of the number of patients, there are a few exceptions. A study that presented predictors of all-cause mortality in kidney transplant candidates, consisted of a total of 3698 patients, 2207 of whom were screened with SPECT based on risk stratification. Abnormal SPECT (reversible or fixed perfusion defect) was associated with a lower survival rate, with no difference in the predictive value of fixed or reversible perfusion defects. Angiographically diagnosed CAD did not predict mortality. 10 Another study reported 962 kidney transplant patients, 749 of whom were initially screened with SPECT. An abnormal SPECT finding (ischaemia, scar, or cardiomyopathy) had a statistically non-significant trend for predicting 5-year mortality when adjusted for baseline characteristics. 15 In a recent study with 892 patients evaluated with SPECT before kidney transplantation, an abnormal SPECT finding was associated with an increased risk of CV events or death only in patients with one risk factor (age >50, diabetes, or CV disease). Patients with more risk factors already had a high-CV risk that was not increased by the abnormal SPECT result. Patients with no risk factors had a low mortality and event rate despite the SPECT result. 16 According to our local guidelines, patients with very low CV risk were not screened with SPECT and thus not included in the present study.
Grades of ischaemia and prognosis
Hachamovitch et al. 13 have demonstrated in an unselected CAD population that revascularization offers survival benefit over medical therapy for patients with more than 10% of ischaemic myocardium in SPECT. Due to the lack of studies in applicable patient population, the extrapolated result of unselected patients has directed the treatment guidelines for patients with severe CKD as well. Our study is the first to report that even perfusion defects of 5-9.9% are a harbinger of death. A perfusion defect as low as 1.0-4.9% had a tendency for predicting CV mortality. Interestingly, patients with a severely abnormal SPECT scan did not have a poorer mortality prognosis than patients with a moderately abnormal finding.
The only prior study regarding the association between the severity of SPECT findings and mortality in kidney transplant candidates had remarkably high cut-off points for the levels of ischaemia. Namely, Venkataraman et al. 17 reported a stepwise worsening of the survival curve for mild to moderate (5-20%) and large (>20%) perfusion defects in 150 patients evaluated for kidney transplantation. In patients with various stages of renal function, some studies have reported the incremental prognostic value of the SPECT-diagnosed severity of ischaemia. One study included 7348 patients with renal function varying from normal to severe CKD requiring dialysis, and demonstrated that SPECT summed stress score (SSS) and summed difference score (SDS) added a modest incremental prognostic value for all-cause mortality when adjusted for baseline characteristics, glomerular filtration rate (GFR), and ejection fraction. 18 Another ). Mildly abnormal (SSS 4-8, which represents 5-10% of ischaemic myocardium 13 ) and moderately to severely abnormal (SSS > _8) SPECT findings were associated with higher incidence of all-cause-and CV mortality in all degrees of renal function when compared with normal SPECT findings. This trend was even stronger in patients with more severe CKD. 19 However, these studies included dispersed populations with patients whose kidney function ranged from normal to severe CKD. The reclassification methods NRI and IDI represent the portion of a population that is accurately reclassified when the new test, such as, SPECT, is applied. In our data, both measures demonstrated positive impact of adding SPECT to the prognostic models. As Table 4 indicates, a net 4.4% of the individuals alive and 8.9% of those dead at the end of the follow-up were correctly reclassified when the clinical model was updated by the addition of the SPECT finding. IDI is somewhat more abstract in the interpretation as it is based on discrimination slopes. In our data, the discrimination slope was 2.2% points higher with than without the SPECT findings. These are quite similar or even higher values published earlier for SPECT among patients with known or suspected CAD. 20 To our knowledge reclassification methods have not been previously used to assess the predictive value of SPECT imaging in patients evaluated for kidney transplantation or patients in dialysis.
In the present analysis, kidney transplantation was strongly associated with better survival. Forty-five per cent of the entire study population received a kidney transplant. Patients with a normal SPECT finding received a kidney transplant significantly more often than did patients with ischaemic findings. Therefore, cardiac evaluation seems to direct the clinical decision-making of transplantation. Higher transplantation rates probably partly explain the lower mortality in patients with a normal SPECT finding. PCI after SPECT was linked with an even higher risk of all-cause mortality, which is probably confounded by indication. Interestingly, CABG was not associated with worse survival; previous studies have indeed suggested that CABG could offer survival benefit over PCI in patients with severe CKD. [21] [22] [23] A prospective study evaluating whether SPECT-guided CABG would further improve the prognosis in these patients should be launched.
Strengths and limitations
Our data contain all the patients who underwent SPECT as a pretransplant screening test for a kidney transplant during the study period in Helsinki University Central Hospital. Analysing all-cause and CV mortality separately gave more information about the prognosis of this patient group. Importantly, our analyses included reclassification measures, which further strengthen the robustness of the results. However, the number of patients with a mild or moderate perfusion defect was small. In addition, we did not have a control group. Patients with a normal SPECT finding received a kidney transplant more often and this could influence the results. However, we included kidney transplantation as a covariate in the analyses to handle the confounding.
Conclusion
An ischaemic finding in SPECT is a strong predictor of all-cause-and CV mortality in kidney transplant candidates. Contrary to data from CAD patients, even perfusion defects of <10% are associated with elevated mortality in this patient group. This finding deserves further attention in forthcoming trials.
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